is not influenced by, nor does it apparently utilize, most types of organic materials; sugars, for example. It will grow in an extremely acid solution containing more than 5 per cent sulfuric acid. The strain used in these studies was discovered by Waksman and Joffe (1922) and was obtained through the kindness of Dr. Waksman. It has been studied physiologically by Starkey (1922, 1923) and Starkey (1925 Starkey ( 6, 1925 . Methods of preparing suspensions and details of growth have been previously described (Umbreit, eta/., 1942) . Briefly these consist of growth for several days under pure culture conditions on a medium containing no organic materials, only a few mineral salts, and sulfur. After the growth period any remaining sulfur is filtered off and the suspension is centrifuged in a Sharples supercentrifuge. The cells are washed in distilled water and kept in distilled water suspension.
Previous studies from this laboratory have justified the claim that the study of autotrophic bacteria is of importance from the viewpoint of comparative physiology. It was shown (Umbreit e~ al., 1942) that the oxidation of sulfur (which is insoluble in the medium employed for growth) actually takes place within the bacterial cell; the sulfur being dissolved in a fat globule located at the terminal ends of the cell. This supports the generalization that no organism can obtain energy from oxidation not carried within its cell or at the cell surface. Further, in spite of the fact that organic materials are apparently not utilized, the organism possesses an organic metabolism utilizing the storage products formed during sulfur oxidation (Vogler, 1942) . Cells of this autotrophic bacterium grown on a purely inorganic medium contained the following vitamins (O'Kane, 1942) : thiamin, pyridoxine, biotin, nicotinic acid, pantothenic acid, and riboflavin. This observation lends support to the generalization that these materials are of universal significance and that lack of a "growth factor" requirement represents the ability of the organism to synthesize the factor involved. It therefore appears that in spite of certain distinctly unusual properties of this autotroph, there exist certain points of marked similarity with the metabolism of other types of cells, and in this sense the data support the concept of a basic unity in all living organisms.
Respiration studies applied to autotrophic bacteria are not entirely satisfactory since they supply only one, or at most only a few, estimates of activity and as such are not entirely conclusive. But they are of importance since in this way it is possible to separate growth reactions from those concerned with the metabolism of the resting cell. They provide the basic background for other methods of studying metabolism and are essential for the study of chemosynthesis. Much of our present knowledge of autotrophic bacteria has been obtained by these methods (Boemke, 1939) , (Meyerhof, 1916a (Meyerhof, , 1916 (Meyerhof, b, 1917 , (Vogler, 1942) , (Waksman and Starkey, 1922) . Inasmuch as a necessary condition for sulfur oxidation is a direct contact between the bacteria cell and the sulfur particle (Vogler and Umbreit, 1941 ) certain modifications in the methods which can be applied to this organism were required. These are described in the following section.
Methods
Oxygen uptake in the presence of sulfur was measured at 28°C. in the Warburg apparatus with KOH in the center cup; i.e., in the absence of all but traces of CO2.
The sulfur employed in these experiments was supplied in the form of a water suspension containing about 200 rag, sulfur per ml. which was used so that the sulfur was always in excess. Commercial "flowers of sulfur" is higMy water-repellent and does not form suitable suspensions. Colloidal sulfur from HzS and SO~ or from thiosulfate is satisfactory but an easy way to obtain large quantities of sulfur suitable for suspension in water is the use of the sulfur which remains in the cultures at harvest. Such sulfur is filtered from the cultures and suspended in M/1 KOH which dissolves any organisms that may be still attached to it. After about an hour in the KOH it is washed repeatedly with distilled water until free from traces of KOH. The sulfur thus obtained is free from organic materials and is composed of rather small particles. It can be kept in water suspension (from which it settles fairly rapidly) and is readily pipetted out into equal samples.
The changes in oxygen uptake which occur when sulfur is mixed with a suspension of the organism in the Warburg flask have been described by Vogler (1942) who employs the same technique as used i~a these studies. The bacterial suspension, the appropriate buffer (usually r~/60 KH~P04), and a suspension of finely divided sulfur are mixed and incubated for several hours. Immediately before use the pH is adjusted to the proper value with as little disturbance as possible. Aliquots containing not more than 20 micrograms bacterial nitrogen per ml. are then used in the Warburg determinations. One factor which influences the rate of oxygen uptake is the rate of shaking of the flasks since this tends to disturb the sulfur-bacteria contact. Shaking is only necessary when the rate of oxidation is very high, since here it is necessary to permit oxygen penetration. Some compromise must be made between oxygen diffusion and the disturbance of cell contact. This is done empirically. The rate of shaking is standardized at an optimum value and is held constant for the entire series of experiments. Nitrogen was determined on the bacterial suspensions by the microKjeldahl procedure described by Johnson (1941) . Other specialized methods are described in the text when necessary. The phosphate concentration influences the rate of sulfur oxidation but that rate is constant for any given phosphate level. When materials are tipped in from the side arms of the flasks, these are dissolved in the same phosphate buffer so that the total phosphate concentration does not change.
The handling of suspensions without sulfur is entirely comparable to the procedures used in studies of heterotrophic bacteria. Suspensions without sulfur may be held at refrigerator temperatures for several weeks (in distilled water, saline, or phosphate) but they should not be too concentrated. About 200 micrograms bacterial nitrogen per ml. are satisfactory.
Factors Influencing Respiration
Temperature.--Sulfur oxidation was found to proceed over a temperature range from 18--45°C. The influence of temperature on sulfur oxidation was measured by determining the oxygen uptake of a series of aliquots at 28°C. over 2 successive hours to be certain that the sulfur oxidation in all had reached a constant rate. The flasks were then transferred to other water baths kept at different temperatures and the oxygen uptake compared with controls left at 28°C. The manometers in all baths were shaken on the same rocking device. After all temperatures except 48°C., respiration was unimpaired when the flasks were returned to 28°C. The data obtained are given in Table I . The energy of activation, "#," calculated from these data is 19,000 calories (between 28-30°C.) and 7,500 calories (between 18-28°C.). These values have a rather large error attached to them and are of interest only in that they are of the same magnitude as those found for a variety of other respiratory processes. Crozier (1924) called attention to the fact that the # values of various bio- Fig. 1 which illustrates the respiration obtained with resting cell suspensions. The curves show that above a pH of 5 there is a marked inhibition of sulfur oxidation (and thiosulfate oxidation) but there is little effect upon the endogenous respiration in the absence of sulfur. There is a remarkable correlation between inhibition of respiration at these pH values and the amount of bound CO2 in the medium. However, since sulfur oxidation is continued in the Warburg flask in the presence of KOH in the center well, lack of free CO2 cannot account for the inhibition of respiration at pH values where carbon dioxide is mainly present as carbonate or bicarbonate. It is of interest, however, that the organism is adapted to just that range of H ion concentration in which free COs is dissolved in the medium as a gas.
At pH values higher than 8, lysis occurs and the ceils dissolve. The endogenous respiration is, of course, destroyed by this treatment.
At pH values lower than S, two types of response to alterations in pH are obtained depending upon whether the oxygen uptake is measured after the organisms have been in contact with sulfur for some time, or immediately after the sulfur has been added. The first type of response (that of organisms which have been in contact with sulfur for some time) is represented in Fig. 1 by cells which have been in contact with sulfur for 4 hours. This curve shows s~oo. that the oxidation of sulfur is not appreciably influenced by changes in pH between the limits of pH 4.8-2.0. If, however, sulfur (or thiosulfate) is added to the suspension and the oxygen uptake measured immediately, a different shape curve is obtained. The shape of this curve would suggest that the phenomenon is due to the electrical charges on the organism and the sulfur. Since the phenomenon occurs only during the period in which direct contact is being established there seems to be no doubt that the effect is on the rate of formation of the contact and not upon sulfur oxidation as such. It is of considerable interest that sodium thiosulfate has the same type of curve as sulfur. Since it is soluble, one would expect that its oxidation would not be dependent upon sulfur-bacteria contact. That it is suggests that thiosulfate is actually taken within the cell in the form of sulfur. Growth studies reported by Waksman and Starkey (1923) show a pH relationship closely similar to the respiration curves obtained after sulfur-bacteria contact has been established. These curves of growth and respiration differ from most pH curves obtained with bacteria in that they do not have marked optima. This suggests that the internal pH of the cell is virtually independent of the external pH below a pH of 4.5.
Pressure of Oxygen.--Growth studies indicated that variation of the pO2 between 10 and 30 per cent had very little effect upon the rate of formation of sulfate (Vogler and Umbreit, 1941) . Fig. 2 summarizes the data obtained with respect to the effect of pO2 on the rate of sulfur and thiosulfate oxidation by resting cells. The curves labeled I, II, III, and IV represent successive half-hour intervals. In the lower graph it may be noted that the effect of increased oxygen pressure is to increase the rate of sulfur oxidation but this increase is not marked. Reduced oxygen pressure likewise has little effect. One point of interest is the tendency to increased rates of sulfur oxidation at lower pressures of oxygen. This increased rate tends to become greater with time. These data serve to emphasize that the rate of sulfur oxidation is not nearly as sensitive to pO~ as the literature implies and as might be expected if the oxidation of sulfur were a simple chemical reaction. The effect of pCO, is very complex and will be considered in later papers.
Organic Substrates.--In accordance with the reports of previous investigators it was found that, as a rule, organic materials had no effect upon respiration. No organic material yet found can replace sulfur or COs for the growth of Thiobacillus tkiooxidans. Fructose, galactose, cellobiose, glucose, trehalose, dulcitol, glycogen, starch, arabinose, xylose, gluconic acid, and glycerophosphate had no effect upon either sulfur oxidation or respiration in the absence of sulfur. However, pyruvic, succinic, fumaric, malic, and oxalacetic acids appeared to stimulate respiration in the absence of sulfur. Citric acid was variable. Of these, pyruvic and lactic acids (M/150) inhibited sulfur oxidation quite consistently while succinic and fumaric acid occasionally inhibited. None of these could serve as a source of energy for growth (in the absence of sulfur). The effect of these materials is being studied further. One unusual effect has been noted; pure crystalline riboflavin inhibits growth on sulfur at concentrations of 10 micrograms per ml. and also inhibits sulfur oxidation by resting ceils; yet riboflavin is synthesized by the cell growing in an inorganic medium.
Inhibitors.--A wide variety of inhibitors have been studied for their effect upon sulfur oxidation, on respiration in the absence of sulfur, and for their effect on growth. The data are recorded in Table II . In the case of sulfur oxidation the inhibitor was tipped in from the side arm after a constant rate of sulfur oxidation had been established. The inhibitors were suspended in phosphate (M/30) sO that there was no change in phosphate concentration upon the addition of the inhibitor. All experiments were run at pH 4.6-4.8 in ~/30 KH2PO4. At the present state of our knowledge of the action of these inhibitors on intact cells, the data contained in Table II can be considered merely as a statement of experimental results. For example, the point at which indole acts upon respiratory processes in intact cells is not known. Its peculiar action on this organism (inhibition of growth at 10-6~, sulfur oxidation at 10-3M, and respiration in the absence of sulfur at 10-2M) can merely be given as an experimental finding and no interpretation can as yet be given.
Of the entire group of inhibitors studied only two inhibited the respiration in the absence of sulfur more than sulfur oxidation. These (semicarbazide, hydazine) are characterized by the common possession of a --N--NH2 group. Urethane and sodium malonate had little effect upon any of the processes studied. The action of sodium pyrophosphate, which inhibits growth at concentrations having no effect upon respiration seems to be related to its rather slow diffusion into the cell. Sodium arsenite inhibits growth at much lower concentrations than respiration, but these data alone could not be regarded as evidence of a phosphorylation since the locus of inhibition by arsenite in intact cells is not well established. Sodium fluoride gives extremely variable results; frequently a marked stimulation is noted. This may be followed by an inhibition at lower concentrations. This effect has been noted in several experiments but no explanation can be given upon the basis of data now available.
2-4-Dinitrophenol (DNP) causes 100 per cent inhibition when its concentration reaches a threshold value close to M/40,000. At lower concentrations it tends to stimulate respiration. These effects are better illustrated in Table III in which the concentration of this agent is increased by smaller steps. The definite stimulating effect at low concentrations of dinitrophenol cannot be ascribed to lack of penetration of the inhibitor into the cells at low concentrations. The more gradual effect on endogenous respiration, which becomes inhibited only at a 10 times greater concentration (and is still stimulated at M/40,000) also indicates that diffusion phenomena are not the decisive factor in these experiments. Unfortunately the locus of the action of dinitrophenol is not known. That it does not "prevent assimilation" seems now fairly well established but beyond this point little is known of its action.
The inhibition of sulfur oxidation and to a lesser extent the endogenous respiration by potassium acid phthalate was unexpected inasmuch as phthalate buffers have been used quite generally in physiological studies. This effect, however, is not confined to the autotroph; respiration of Escherichia coli and Staphylococcus aureus was inhibited by ~t/40 potassium acid phthalate. The respiration of Bacillus subtilis was not affected (all of these were respirations in the absence of added substrate). It occurred to us that the phthalate inhibition might be related to its structural similarity to the dicarboxylic acids (particularly succinic). This was actually found to be the case; 5/40 phthalate inhibited succinate oxidation by a purified enzyme preparation 30 per cent. The stimulating effect of pyruvic, succinic, malic, and fumaric acids upon the endogenous respiration of the autotroph could be removed entirely by the addition of M/40 phthalate. The inhibited rate of respiration in the presence of the organic acids was higher than the inhibited rate in their absence, but not as high as the uninhibited respiration in the absence of organic acid. While the effects of sodium azide upon sulfur oxidation are quite consistent, the action on the endogenous respiration is somewhat variable. Frequently there is no effect (as reported by Vogler, 1942) ; sometimes there is an inhibition; just as frequently there may be a stimulation. The averages of several experiments show essentially no effect upon the endogenous respiration so that this result has been recorded in the table. There seems to be an effect on both processes at higher concentrations (M/l).
Sodium cyanide inhibits sulfur oxidation and endogenous respiration (these experiments were done with cyanide in the KOH of the center cup since at a pH of 4.6, HCN would tend to distill into the KOH; cf. Krebs, 1935) . Carbon monoxide (80 per cent in 20 per cent oxygen) inhibits sulfur oxidation 50 per Cent (not recorded in Table I ). This inhibition is completely relieved by light and returns in the dark in the manner shown by Warburg (1927) to be characteristic of the iron respiratory systems.
Sodium iodoacetate inhibits sulfur oxidation more markedly than endogenous respiration. 
DISCUSSION
Among the effects reported here several are of further interest. The deterruination of the # values ("energy of activation"), while subject to considerable error yielded results comparable to those of heterotrophic respiratory systems and different from values which might be expected from the chemical reaction involving only the oxidation of sulfur. The pO~ had little effect upon the oxidation contrary to what would be expected if sulfur oxidation were a simple chemical reaction. Certain inhibitors (azide, cyanide, and carbon monoxide) point to the participation of a system very much like cytochrome in the oxidation of sulfur. It is of interest that Emoto (1933) reported the presence of cytochrome in a closely related sulfur-oxidizing bacterium. Cytochrome, however, is known to be an electron-transporting system, and oxygen is thought to enter the reaction only at the end of a relatively long series of electron transfers. While sulfur oxidation is undoubtedly a transfer of electrons it is difficult to see where the oxygen of the sulfate originates on this basis. One could visualize, and Bunker (1936) has pointed out, the process of sulfur oxidation as a hydration of sulfur followed by the removal of an electron from the hydrate to the cytochrome system. In such a visualization, the oxygen that is respired does not enter into the sulfate molecule at all. Rather the oxygen which appears in the sulfate comes from water. Proof or disproof of such a theory must await the application of isotopic techniques. For example, if oxidation were to proceed in this manner in a solution containing water with heavy oxygen, the heavy oxygen should be found in the sulfate formed.
CONCLUSIONS
The data of this paper indicate that: 1. The "energy of activation" (/z) of sulfur oxidation by the autotrophic bacterium, Thiobacillus thiooxidans, is similar to that of other respirations.
2. The pH of the menstruum does not influence the respiration on sulfur between the limits of pH 2 to 4.8 once contact between the bacterial cell and the sulfur particle has been established but it does influence the rate at which such contact occurs.
3. The pO2 has little effect upon the respiration of this organism. 4. Most organic materials have no detectable effect upon the respiration of Thiobacillus thiooxidans, but the organic acids of terminal respiration seem to stimulate the respiration in the absence of oxidizable sulfur and certain of them inhibit sulfur oxidation.
5. In so far as inhibitor studies on intact cells are trustworthy, sulfur oxidation goes through iron-containing systems similar to cytochrome. It is possible that the oxygen contained in the sulfuric acid formed during sulfur oxidation is derived from the oxygen of the water.
